The capability of piezoelectric wafer active sensors to identifying cracks which are common to metallic structural elements subjected to fatigue loading were explored. A number of laboratory tests were performed to investigate Lamb wave transmission and reception characteristics as well as the sensitivity of the transmitted and reflected signals to the presence of a through-the-thickness crack of various length and orientation in a thin plate. Based on the laboratory tests an optimum strategy for crack detection with the pulse-echo method was investigated. The method can be used for large areas scanning with a small amount of sensors and is favoured for embedded and leave-in-place sensor applications.
Introduction
Acoustic waves propagate in thin plates as guided Lamb waves. Lamb waves are a form of elastic perturbation in a solid plate with free boundaries, first described by Horace Lamb in 1917 [1] in relation to seismology applications. The propagation of Lamb waves is dispersive and multimodal. There are two groups of waves, symmetric (dilatational) and anti-symmetric (sometimes known as flexural) which satisfy the wave equation and traction free boundary conditions, and each can propagate independently of the other. The fundamental way to describe the propagation of Lamb waves in a plate is with their dispersion curves which can be found in many papers, and will not be focused on in this study [2] [3] [4] .
In the fifties, nondestructive evaluation of plates has oriented the ultrasonic research community to study Lamb waves [4] . Conventional ultrasonic techniques rely mainly on through thickness wave propagation. However, for plate-and shell-like solids this is quite time consuming due to surface scanning (single position measurements). In the eighties-nineties, other features of Lamb waves have attracted growing attention. There were experimentally proven that Lamb waves can propagate over long distances with very little amplitude loss, and are totally adapted to the inspection of large, thin plates with a small amount of sensors. Various methods based on Lamb wave propagation have reemerged as a reliable way to locate damage in plate-and shell-like structures, evaluate and monitor elastic and structural properties. Guided Lamb waves have opened new opportunities for cost-effective detection of damage in aircraft structures [5, 6] , pipelines, bridges and other structures. A large number of studies have recently been performed on this subject [7] considering different kinds of materials with homogeneous or multilayer configurations with a wide range of structural defects simulating corrosion, impact and fatigue damage to the structure.
There are generally four goals for the damage detection techniques each of which is gained with increasing difficulty and complexity. The first is the determination of the presence of the damage. The second is to calculate where the damage is located. The third is to differentiate between various types of structural damage. The final goal and the greatest challenge is to assess extend and characteristic sizes of the damage. Such assessment of the damage can be further used to evaluate the residual life or residual strength of the structure on-line and make a real time decision regarding the further operation. Despite on the extensive investigations in this area the researches are yet to establish recommendations, standards and best-practice guidelines for damage detection using Lamb waves. The following section will briefly discuss the fundamentals of Lamb wave propagation [5] .
Two fundamental modes, namely the S 0 and A 0 , exist in the plate whatever the frequency-thickness product. The first could be considered as a non-dispersive dilatational and the second one as flexural modes. The cut-off frequencies of these modes depend on the material properties and equal to the longitudinal L v and shear T v waves velocities, respectively. An application of an asymptotic polynomial expansion to the characteristics equations in vicinity of kh = 0 leads to the simplified dispersion relations for S0 and A0 modes [6] .
For the A0 mode,
and, for the S0 mode,
where ω is the frequency of the signal and h is the thickness of the plate.
As it can be seen, from these equations the S0 mode exhibits low dispersion in the low frequency region. Its velocity can be approximated by E v as a constant, which can be directly obtained from experiment. At higher frequencies the S0 mode exhibits strong dispersion until the velocity flattens out to the value of the Rayleigh wave velocity of the material. The dispersion of the A0 mode is quite different. It is highly dispersive at low frequencies (see Eq.1a) and approaches to the Rayleigh wave velocity as the frequency increases. In our laboratory tests, which will be discussed next, both modes are exited and S0 mode is used to investigate characteristics of the pulse-echo technique to detect and size cracks in plate structures.
Experimental Setup
There are currently no standards or even a best-practice guideline for damage or crack detection using Lamb waves. The goal of the present experimental investigations is to determine the effect of various parameters such as actuation frequency, location of sensors relatively to the damage and others on the sensitivity of the damage detection using piezoelectric wafer active sensors (PZW). The main advantage of PZW active sensors over conventional ultrasonic probes lies in their small size, lightweight, low profile, and small cost. In spite of their small size and weight (the weight of 0.2 mm thick PZW active sensor is around 50 mg), these devices are able to replicate many of the functions of the conventional ultrasonic probes. Several investigations [6, [8] [9] [10] have been recently explored the generation of Lamb waves with piezoelectric wafer active sensor.
The set of the current experiments was conducted on a wide 800 × 800× 3 mm plate. The location of the crack and sensors was chosen to exclude the effect of the finite boundaries of the plate on the transmitted signal. Ten PZW active sensors were bounded to the specimen as shown in Fig.1 . The PZW elements were cut into 10× 10mm patches to actuate and accurately measure the transmitted and reflected waves. The data acquisition was performed using a portable NI TM BNC2110 data acquisition
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Damage Assessment of Structures VI board, and a PC running Matlab TM software simultaneously acquiring data on four channels at 1000,000 samples per second. The waveform generator was connected with the first channel, which served as the trigger for all of the channels. A single pulse from one of the active sensors resulted into the strain-induced voltage outputs of the other patches, which were recorded to monitor the wave propagation. The measured data are stored in a computer and arranged in a data matrix of time against the amplitude of the voltage signal from PZW sensor. The resulting data is then processed using standard Matlab TM tools where the drift is filtered out and the waveforms of the both signal from damaged and undamaged specimens are compared and analyzed. 
Experimental Testing Results
Frequencies in the range from 100 to 300 kHz were used to produce experimental results. The throughthe-thickness crack length is varied from 10 to 20 mm. Typical results of unfiltered time-trace of voltage signal from PZW active sensor are presented in Fig. 2 . For further analysis of the waveforms we define a characteristic of the transmitted signal -the transmission coefficient kT as a ratio of the amplitude of the wave transmitted to the sensor in the presence of a defect to that of without defect. An analysis of the transmitted signals shows that the transmission coefficient slightly changes along the waveform and it is convenient to use the maximum amplitudes of two signals to calculate kT.
Effect of the frequency and the crack length
The transmission coefficient is plotted against the excitation frequency for three different crack length in Fig.3 . It is seen that kT depends strongly on the crack length. Koshiba has observed a similar effect in his finite element study [11] . It is clearly apparent is that for particular combination of the excitation frequency and the crack length, the transmission coefficient reaches minimum, which provides the best detection condition. Assuming the resolution of a signal processing system can distinguish the transmission coefficients greater than 10% from background noise, all crack length studied are potentially detected with the current arrangement. In Fig.4 , the transmission coefficient is plotted against the angle between the crack and the wave propagation direction from an actuator to sensor. As expected, kT reaches its minimum value at α = 0 (crack is perpendicular to the actuator-sensor line) then it rapidly flattens out at near unity as the angle decreases to zero (crack is parallel to the wave propagation direction). It means that where it is possible the line passing an actuator to sensor should form the rectangular angle with the crack direction for the best sensitivity. In the case of an uncertainty with the crack direction, an array arrangement of PZW active sensors can provide detectible conditions. (6) Actuator (3) Sensor (7) Actuator (4) Sensor (8)
Conclusion
The paper verifies that Lamb wave method has good potential for implementation in non-destructive damage detection techniques and can provide reliable information about the presence, location and extend of cracks. The major disadvantage of this method is that it requires sophisticated electronic equipment and power supply which can be pretty complicated if the system is to be implemented wirelessly. The required size of detectable crack dictates the limitations on the sampling frequency. The high data acquisition rate is needed to gain useful information about the damage. Another disadvantage of this method is that the resulting data is normally more complicated to interpret than for many other techniques. However, overall advantages of this method and the capacity being readily integrated into the structure have been found to be effective for in-situ determination of the presence and severity of damage in metals and composite materials by many researchers. It is believed that the Lamb wave method will likely play an important role in future design of many engineering systems ranging from advanced aerospace structures to the nation's civil infrastructure such as bridges, dams, offshore platforms, cars, pipelines and large buildings. This could be even more significant for structures, which have been operating well beyond their initial design life.
